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ABSTRACT
In 2012, carbon dioxide (CO2) [carbon dioxide] accounted for approximately 82%
[percent] of all U.S greenhouse gas emissions.1 These excessive CO2 levels have been
attributed to climate changes that have a range of negative effects on human health and
welfare.1 In an effort to decrease these emissions, polymeric membranes consisting of
silane- and siloxane-functionalized norbornene units have been targeted as a potential
solution for the passive separation of CO2 from other non-greenhouse gases. These
substituted

norbornene-based

polymers

were

synthesized

via

vinyl-addition

polymerization. Through a series of catalyst trials, commercially available palladium and
nickel

catalysts

were

compared

along

with

trans-[Ni(C6F5)2(SbPh3)2]

[trans-

bis(pentafluorophenyl)bis(triphenylstibine)nickel] to determine the catalytic activity for
various silane- and siloxane-functionalized norbornene derivatives. It was observed that
trans-[Ni(C6F5)2(SbPh3)2] overall had the highest activity for these types of monomers.
Subsequently, free-standing films were formed from these functionalized norbornenebased polymers by utilization of a “dry/wet-phase inversion” technique. Through a
collaboration with Oak Ridge National Laboratory, these novel membranes were analyzed
and subsequently evaluated using Robeson Plots as a gauge of efficiency and real-world
viability.
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CHAPTER 1
Introduction to Gas Separation Membranes
1.1 Introduction to Carbon Dioxide Emissions and the Clean Power Plan
Gases that trap heat in the Earth's atmosphere are referred to as “greenhouse gases,”
one of which is carbon dioxide (CO2). CO2 is the primary greenhouse gas emitted from
human activities and is commonly produced from the burning of fossil fuels, i.e. natural
gas, oil, coal, solid waste, and wood products.1 According to the U.S Environmental
Protection Agency (EPA) in 2011, approximately 6,702,000,000 metric tons of CO2 were
released into the Earth’s atmosphere as a result of fossil fuel combustion for electrical
energy generation and transportation.1 Excessive CO2 emissions have been attributed to
rising global temperatures, rising sea levels, changes in weather and precipitation patterns,
and changes to ecosystems and habitats.1 It has also been linked to detrimental effects in
public health by increased heat waves and droughts, worsening smog, and increased
intensity of natural disasters such as hurricanes and flooding.1 On June 25, 2013, President
Obama issued a Presidential Memorandum directing the EPA to implement carbon
pollution standards for the U.S power sector. As a result, in June 2014 the EPA created the
Clean Power Plan in which they proposed that by the year 2030, this rule would decrease
CO2 emissions from the power sector by approximately 30 % relative to the CO2 emission
levels in 2005.2
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1.2 Current Industry Methods
In order to address this grand challenge of CO2 emission reduction, several methods
have been examined. The five main techniques that currently exist on the industrial scale
for separating CO2 from other gasses are solvent absorption, adsorption, cryogenics,
chemical looping, and membranes.3 In solvent absorption, CO2 is absorbed from a gas
stream by a liquid and processed to remove the CO2 that can be subsequently compressed
for storage. The CO2-free liquid can then be recycled and the process repeated, though a
large amount of power is required to regenerate the solvent used. A second method is
adsorption in which CO2 is adsorbed from a gas mixture onto the surface of a solid
material, which is typically a mineral zeolite. This adsorbed CO2 can then be removed
using pressure and/or temperature differences before being compressed for storage. A third
method that is employed is a cryogenics technique that uses low temperatures to cool,
condense, and purify CO2 from gas streams; however, this system is typically only useful
for moderately concentrated CO2 streams. The fourth method, chemical looping is a
process in which CO2 is captured in a more controlled manner through an oxidationreduction cycle.4 This process begins by removing oxygen from the atmosphere by reacting
it with metal particles (typically Cu, Ni, Fe) to form metal oxides. The metal oxides can
then provide the oxygen source needed for fossil fuel combustion by reducing the oxygen
levels in a fuel reactor to produce a highly concentrated stream of CO2 and H2O that can
be easily purified and compressed for storage. Lastly, membranes , which are generally
made from polymers or ceramics that are specifically designed to preferentially
2

filter/separate CO2 from gas mixtures, can be used. These membranes may be utilized on
their own or can be incorporated into liquid absorption processes. Membranes are
especially versatile compared to the other four techniques as they can be used in all four
main applications of carbon dioxide capture which are: natural gas separation, postcombustion, pre-combustion, and oxyfiring as shown in Table 1.1. Natural gas is a mixture
of hydrocarbon gases with methane being the primary component. Separating CO2 from
natural gas allows pure methane to be obtained and used residentially, commercially, and
industrially as a source of energy.5 Post combustion CO2 capture is a process by which CO2
is separated from other gases found in a flue gas stream. This technology is usually added
to existing power or coal plants to sequester pure CO2 and store it safely.6 Pre-combustion
CO2 capture converts fuel into hydrogen and CO2 in which the CO2 then gets separated out
and hydrogen is combusted to produce power.6 Oxyfiring is a similar process to postcombustion CO2 capture with the main difference being that the combustion is done with
pure oxygen instead of air. As a result, the flue gas contains mainly CO2 and water that can
be easily separated.6 In addition to being very versatile, membranes are a passive means of
separation while the other four methods require some form of energy input that can
dramatically increase costs. The other four techniques are less desirable because they are
only valid to three or less of the four main CO2- capture applications. Another key
advantage of membranes is the ability to condense functional surface area into compact
devices providing a high surface area to volume tool.7 This reduces the energy cost needed
to deliver the desired gas productivity in comparison to other existing methods of carbon
3

dioxide separation and therefore makes passive polymeric membranes a promising
candidate for industrial gas separation applications.

Table 1.1. CO2 Capture Technologies and Applications3
Applications
Techniques
Solvent
absorption
Adsorption

Natural Gas
Separation

PostCombustion

PreCombustion

Oxyfiring

Cryogenics
Chemical
looping
Membranes

1.3. Evaluation of Membrane Performance
Due to the many advantages associated with passive polymer membranes, the
following pages will detail the work that has been completed to develop and evaluate new
and innovative CO2 separation membranes. Membrane performance is evaluated in terms
of specific gas permeability and selectivity,7 which are variables that serve as comparison
values between different membranes. Fick’s first law of diffusion describes how flue gas
moves through a membrane down a chemical potential gradient and is expressed in terms
of pressure, temperature, or concentration.7 The permeability (P) of a gas in a membrane
4

is the flux (J) normalized by the membrane thickness (l) and the pressure differential across
it (∆p) as shown in Eq. 1. Permeability represents an intrinsic property of a material that is
dependent on its processing history and expresses the ease at which a gaseous molecule
moves through a membrane.
P=

J∙𝑙

Eq. 1

∆p

Permeability can also be expressed in terms of diffusivity, D, and solubility, S, as
shown in Eq. 2. This equation is used in solution-diffusion models of gas transport
through a membrane. Here, the gas must first sorb into the membrane on the upstream
side, diffuse through the material, and then desorb on the downstream side.
P=D∙S

Eq. 2

Along with permeability, selectivity is the other major fundamental property of a
membrane. The ideal selectivity of "gas A" in comparison to "gas B" is shown as a ratio
in Eq. 3, which can also be expressed as the product of the diffusivity and solubility
functions.
α

Pa

A/B

Da

Sa

= Pb = Db ∙ Sb

Eq. 3

Even though real gas streams are composed of a mixture of many different gases,
experiments are typically simplified to contain only binary mixtures of gases when
evaluating membrane performance in the laboratory setting.7 For example, to evaluate the
membranes described herein, we use individual tests using CO2 followed by separate
experiments using N2. Once a promising candidate is identified, the membrane could then
5

be evaluated using a binary mixture of CO2 and N2. N2 was chosen as the competing gas
in our experiments because flue gas normally contains N2 in high concentration.7,8 In order
to be applicable in an industrial setting, membranes should ideally possess high
permeability along with high selectivity. The balancing act between membrane selectivity
and permeability is graphically represented in plots referred to as Robeson Plots, which
were named after Lloyd Robeson, a prominent leader in the field of polymer blends. A
diagonal line referred to as Robeson’s Upper Bound is drawn based on the selectivity and
permeability of published membranes and is periodically re-evaluated based upon the most
recent findings in the field (Figure 1.1). The upper right hand corner of the plot represents
the most desirable combinations of the two variables.

Figure 1.1. Robeson Plots for a) CO2/CH4 and b) CO2/N27-10

6

1.4 Issues in Existing Carbon Dioxide Purification Membranes
In the past, scientists in the field of gas separations have almost exclusively focused on
creating membranes that relied on molecular "size-sieving" for CO2 separation. However,
the difference in kinetic diameters of CO2 and N2 is only 0.34 Å, which has presented a
tremendous challenge for traditional size-sieving membranes and has rendered them
mostly ineffective.7 Therefore, recent efforts to circumvent this issue have focused on the
development of unique polymer membranes that operate via a different principle. That
principle is to incorporate various CO2-philic functionalities in an attempt to increase the
selectivity for CO2 over its similarly sized counterpart N2 via tailored intermolecular
interactions between the passive membrane and CO2 itself. For example, a ground-breaking
class of polymers developed within the last decade are those known as "polymers of
intrinsic microporosity" (PIMs), which exhibit high CO2 permeability that was attributed
to their rigid, non-planar backbone units, which can frustrate chain-packing, and thereby
create high free volume in the polymer matrix.7 So called PIM-1 is the prototypical PIM
example (Figure 1.2), and has demonstrated permeability/selectivity values that fall close
to Robeson’s Upper Bound. However, via functionalization of PIM-1's cyano
functionalities, these polymers have since increased their selectivity enough that, in
combination with high CO2 permeabilities, they have exceeded Robeson's Upper Bound.
Due to the success of functionalized PIMs, scientists in this field are now looking to
alternative polymeric membranes with CO2-philic functional groups to facilitate CO2
separations without relying solely on the concept of molecular size-sieving.
7

Figure 1.2. Post-polymerization functionalization of PIM-1's cyano group, and their
effects on CO2/N2 permeability/selectivity.7
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1.5 Conclusion
Carbon dioxide is the primary greenhouse gas caused by human activities and excessive
emissions have been linked to detrimental environmental and public health effects. As a
response to President Obama’s Presidential Memorandum, the EPA created the Clean
Power Plan in an attempt to reduce carbon emissions from the power sector. Five main
industry techniques currently exist to separate CO2 from other gases which include: solvent
absorption, adsorption, cryogenics, chemical looping, and membranes. However, passive
polymeric membranes have unique advantages over the other four techniques such as being
applicable to all four main applications of CO2 capture (pre-combustion CO2 capture, postcombustion CO2 capture, oxyfiring, and natural gas separation), providing high surface to
volume, and being a low energy tool that make membranes a promising candidate for
industrial gas separation applications. Membranes are evaluated in terms of specific gas
permeability and selectivity and can be graphically represented on Robeson plots which
can be adjusted to represent advances in the field. Previously, scientists in this field had
focused on size-sieving which was shown to be relatively ineffective due to the small
difference in kinetic diameter between CO2 and N2. Recent efforts have shifted the focus
onto incorporating CO2-philic functionalities into polymers with rigid backbones in the
hopes of increasing selectivity as well as permeability of CO2.
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CHAPTER 2
Synthesis of Siloxane and Silane-Functionalized Polynorbornenes
2.1 Introduction to Norbornene Vinyl-Addition Polymerization
Norbornene, or bicyclo[2.2.1]hept-2-ene, and its derivatives have long been used for
membrane synthesis due to the ability to possess a variety of functionalities along with
forming different polymeric backbone structures based on the polymerization mechanism
employed.11 Norbornene typically undergoes polymerizations in one of three main ways
(Figure 2.1): 1) ring opening metathesis polymerization (ROMP) which produces
polynorbornene with unsaturated, non-rigid units in the backbone 2) cationic or radical
polymerization which typically results in low molecular mass polynorbornene with
rearranged norbornyl units and 3) vinyl-addition polymerization that leaves the bicyclic
unit intact and only reacts with the double bond to produce a rigid backbone structure.12,13

Figure 2.1 Polymerization Methods for Norbornene7
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Due to retaining double bonds in the polymer backbone, ROMP-type polynorbornenes
can possess different ratios of cis-trans configurations, which has been shown to be
dependent on the type of catalyst used.14 It was also shown that the membrane properties
of these ROMP polymers, such as gas permeability, gas solubility, and free volume, were
strongly correlated to the cis-content in the polymer backbone. Despite this, ROMP-type
polynorbornenes are often unstable materials due the oxidative instability of the remaining
olefinic moieties and typically show deterioration after a few weeks of storage in ambient
atmosphere. In contrast, vinyl-addition polynorbornenes are saturated polymers that are
more chemically and oxidatively stable and are attractive to material chemists because of
their significant mechanical strength, heat resistance, and optical transparency.15-19
According to current knowledge in the field of membrane synthesis, polymers that have
high permeability typically contain monomers with bulky substituents that create free
volume and/or rigid backbones to prevent chain rotation/relaxation. Vinyl-addition
polynorbornenes are able to encompass both of these features and therefore are promising
candidates for high permeability polymeric membranes. Unsubstituted norbornene
polymers typically have poor solubility in common organic solvents and can often form
mechanically brittle membranes;17 however, literature has shown that the incorporation of
functional groups into the polymer chain can overcome these problems, specifically
silicon-based functionalities.11,14,17,20-22 These functionalities were shown to improve
solubility and mechanical flexibility of polynorbornenes as well as exhibiting high thermal
stability and gas permeability.11,14,17,23
11

2.2 Previous Research with Silane and Siloxane-functionalized Polynorbornenes
Polynorbornenes with -Si(CH3)3 side groups have previously been shown to possess
gas permeabilities that are greater than or equal to one order of magnitude higher than the
permeability of unsubstituted polynorbornene.11 Finkelstein and co-workers discovered
that adding one trimethylsilyl (TMS) group onto norbornene increased permeability by 1.5
orders of magnitude in comparison to unsubstituted polynorbornene.11 This increase was
thought to be caused by an increase in free volume due the introduction of the bulky side
substituent. Another advantage of this polymer was that it displayed a slow rate of aging
(reduction of gas permeation as a function of time), in which O2 and N2 permeabilities of
these polymers did not change after 20-day storage at 20-80 °C.11,14 Aging is thermoreversible such that its effects can be reversed by heating above the polymers glass
transition temperature.24 However, for industrial purposes, it is important to produce gas
separation membranes that are efficient, cost-effective, and stable over long periods of
time. Therefore, a polymer film that inherently has a slow rate of aging is preferred.
Adding a Si(CH3)3 group onto the backbone also improved solubility, mechanical
flexibility, and thermal stability in addition to having high gas permeability.11,14 Due to
these promising properties of Si(CH3)3 substituted polynorbornenes, we sought to develop
related silicon-functionalized norbornyl-based polymer films that provide a fundamental
advance in the field of CO2 separation through optimizing polymerization conditions, film
formation, and selectivity vs. permeability trade-offs.
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2.3 Traditional Vinyl-addition Polymerization Catalysts
Due to the appealing qualities that silicon-functionalized norbornene derivatives
possess, chemists have long sought catalysts that produce these polymers in high yield and
high molecular mass. Late transition metal catalysts are typically used in vinyl-addition
polymerizations because they are known to exhibit a higher tolerance to polar
functionalities than early transition metal catalysts, and can readily produce high molecular
weight polymers.14,25-28 Commonly used late transition metal catalysts for norbornene
polymerization include palladium and nickel complexes such as (η3-allyl)PdCl2, meth(η3allyl)NiCl2, and nickel naphthenate ((Nph)2Ni) (Figure 2.2).15,20,23,28 However, these
catalysts usually require co-catalysts with weakly coordinating counterions such as BF4- or
SbF6-.28 In previous work, Risse and co-workers reported that (η3-allyl)palladium
complexes with tetrafluoroborate and hexafluoroantimonate ions were found to be highly
active for vinyl-addition polymerization of norbornene derivatives containing carboxylic
acid, ester, and alkyl functionalities.28,29 Finkelshtein and co-workers have also reported
(Nph)2Ni/methylaluminoxane (MAO) complexes to be highly active for norbornene
derivatives possessing silane and siloxane functionalities.20,23 MAO is formed from the
hydrolysis of trimethylaluminum and is often used in polymerizations as a co-catalyst as
well as acting as a scavenger of impurities.30 These commonly used catalysts and their cocatalysts are commercially available.

13

(η3-allyl)PdCl2

meth(η3-allyl)NiCl2

((Nph)2Ni)

Figure 2.2. Common Metal Catalysts for Norbornene Polymerization

2.4 trans-[Ni(C6F5)2(SbPh3)2]
Unlike the commercially available catalysts shown in Figure 2.2, there are a small
number of nickel and palladium organometallic catalysts that do not require a co-catalyst
to activate them toward vinyl-addition polymerization, a few of which have the additional
advantage of being air-stable as well.12 Specifically, trans-[Ni(C6Cl2F3)2(SbPh3)2] was
reported by Espinet and co-workers to produce high molecular weight functionalized
polynorbornenes in high yield.12 The SbPh3 ligands were found to stabilize the nickel
compound enough in its solid state to be air-stable but were weak enough σ-donating
ligands to yield a highly active catalytic system in solution without the need for an
activator.12 The yields and Mw of polymers produced using this catalyst were found to be
dependent on the type of ligand used. Specifically, ligands that are weak -donors and that
displayed considerable steric bulk were found to form the most active catalysts. Espinet
and co-workers later used a similar nickel catalyst, trans-[Ni(C6F5)2(SbPh3)2], to
successfully homo and co-polymerize norbornene and haloalkyl norbornenes in high yields
and molecular weights, a feat that was previously quite difficult to achieve.19
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Our initial efforts have focused on conducting a systematic investigation to directly
compare the polymerization activities of trans-[Ni(C6F5)2(SbPh3)2] to the palladium and
nickel complexes (η3-allyl)PdCl2, meth(η3-allyl)NiCl2, and nickel naphthenate ((Nph)2Ni)
for silane- and siloxane-functionalized norbornene monomers. Thus far, yields of polymers
produced have been determined and further studies will be performed to determine
molecular mass and the optimization of polymerization conditions for membrane synthesis.
2.5 Results and Discussion
The previously reported synthesis of trans-[Ni(C6Cl2F3)2(SbPh3)2] was modified to
synthesize the perfluorinated catalyst trans-[Ni(C6F5)2(SbPh3)2] in 65% yield.12 Therein,
commercially available C6F5Br replaced 1,3,5-C6Cl3F3 from the original synthesis, and
lithiated aryl reagents were employed instead of the classic Grignard reagents previously
used to synthesize related aryl nickel complexes.31 Using standard Schlenk techniques,
dry/degassed ether was cannulated into three Schlenk flasks separately containing C6F5Br,
SbPh3, and [NiBr2(dme)]. n-Butyllithum was added to the flask containing C6F5Br at -78
°C and the reaction stirred at this temperature for one hour to generate the lithiated species
C6F5Li. Afterwards, the solutions of [NiBr2(dme)] and SbPh3 were sequentially cannulated
into the C6F5Li solution and the orange-colored reaction stirred overnight. To workup the
reaction, a second portion of wet diethyl ether was syringed into the reaction flask and the
suspension was evaporated to dryness. Chloroform was added to extract the product, the
solution filtered, and then ethanol was added to precipitate the product from solution. The
resulting product was filtered, washed with ethanol, and air-dried to yield a yellow solid.
15

All other catalysts and their activators were purchased through commercially available
vendors.

Table 2.1. Catalyst Systems Investigated
Catalyst
System

Catalyst

Activator

A

[meth(η3-allyl)NiCl]2

AgBF4

B

[meth(η3-allyl)NiCl]2

AgSbF6

C

[(η3-allyl)PdCl]2

AgBF4

D

[(η3-allyl)PdCl]2

AgSbF6

E

[Ni(C6F5)2(SbPh3)2]

-

F

(Nph)2Ni

3.3 eq. MMAO

To investigate the efficacy of the catalysts described in Table 2.1, 5-trimethylsilyl-2norbornene (NB-TMS) along with various siloxane-containing norbornene monomers,
which differed in pendant chain length and alkyl groups, were studied to observe how they
impacted catalytic activity (see Table 2.2). Solvent effects were studied by comparing
polymer yields attained in chlorobenzene to those attained in dichloromethane, which are
two of the most commonly employed solvents for vinyl-addition polymerizations. Though
all polymerizations were performed using a mixture of endo and exo norbornene isomers
16

(Table 2.2), all monomers contained the endo isomer as the major component, which is
common for most all functionalized norbornene derivatives synthesized via Diels-Alder
reactions.28,32 This fact becomes important as endo isomers are generally regarded to have
lower reactivity than exo isomers due to the possibility of polar functionalities acting as a
chelating agent of the active metal center, and/or due to their steric hindrance of the endo
face by those substituents that hinders its coordination to the active catalyst species at the
end of the growing polymer chain.28 Therefore, it is imperative that the catalyst(s) chosen
can readily polymerize monomer mixtures of both endo and exo isomers to significant
yields and sufficient molecular weights.
As expected, norbornene (M1) was polymerized in the highest yields by all catalyst
systems due to the lack of functionalization (see Table 2.3), which was consistent
regardless of the solvent used. In accordance with the results obtained by Risse and coworkers, catalysts activated with AgSbF6 overall produced polynorbornene derivatives in
higher yields than when activated with AgBF4. They rationalized that this decreased
activity was due to the slightly stronger association of the BF4- anion with the propagating,
highly electron-deficient and cationic [(η3- allyl)Pd(II)]+ species. This close coordination
hindered coordination of the next incoming monomer's π-bond as compared to when the
larger and more weakly associating SbF6- anion was used.28

17

Table 2.2. Endo:Exo Isomer Ratios for the Monomers Used.
Monomer

a

Notation
M1

Endo:Exoa
N/A

M2

60:40

M3

65:35

M4

68:32

M5

80:20

M6

65:35

M7

70:30

Endo:Exo isomer ratios were determined via 1H-NMR analysis
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Table 2.3. Polymers produced from their corresponding monomers in Table 2.2
Polymer

Notation
P1

P2

P3

P4

P5

P6

P7

19

2.5a Comparison of the Vinyl-Addition Polymerization Reactivity of Norbornene
Monomers Bearing Non-Polar and Polar Functionalities
For this study, norbornene (M1), 5-trimethylsilyl-2-norbornene (M2), and 5trimethoxysilyl-2-norbornene (M3) were compared to demonstrate how: 1) adding a
functional group to the 5-position and 2) how changing from a silane (non-polar)
functionality to a siloxane (polar) moiety would affect catalytic activity. First, in both
chlorobenzene and DCM, catalysts B, D, and E were successful in polymerizing M2 and
M3. Notably, M2 was polymerized in lower yields than M3 (see Figure 2.3)when using
catalysts B and D even though endo isomers with oxygen-containing functionalities are
known to chelate to the metal center and thus be expected to inhibit catalytic activity more
than that of a hydrocarbon functionality. Furthermore, both monomers were synthesized
with a similar mixture of endo:exo isomers, therefore the possibility of M3 possessing more
exo isomers and thus polymerizing in higher yield was disregarded. Risse and co-workers
also found that when attempting to polymerize 5-hexyl-2-norbornene (80/20 endo:exo)
with [Pd(CH3CN)4][BF4]2, they received polymer yields of only 25-50%.28 Our results
support their conclusion that sterics of the endo-substituted norbornene derivatives greatly
affects the polymerization. Secondly, catalyst E polymerized both of the functionalized
monomers in higher yields than catalyst B and D, but resulted in the lowest polynorbornene
yield (87%) in chlorobenzene. Third, catalyst B was not as successful in polymerizing M2
or M3 in DCM, producing significantly lower yields. These yield differences between the
two solvents used can be explained by how the interaction between the metal cation (Pd(II))
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and the counterpart anion (SbF6-) is affected by the polarity of the solvent. The more nonpolar the solvent, the more tightly the counterpart anion is bound to the active metal center,
thus reducing the ability of the monomer to coordinate the metal center.16 Since catalyst E
does not require a cocatalyst, there is no possibility of counterion interactions and thus their
effects are eliminated. When catalyst F was utilized, it was found that M1 was polymerized
to nearly 100% yield while M2 was polymerized to 37% yield and only a trace amount of
polytrimethoxysilyl-norbornene (P3) was produced (see Figure 2.4). Because catalyst F is
purchased commercially as a solution in toluene, no additional solvent was added and no
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The results from this study comparing norbornene (M1), trimethysilyl-norbornene
(M2) and trimethoxysilyl-norbornene (M3) contrasts previously established knowledge in
which oxygen-containing (polar) functionalities are commonly shown to hinder catalytic
activity.28,29,33,34 For example, Hennis and co-workers observed that there was a drastic
decrease in catalyst activity of [1,5-cyclooctadiene)(CH3)Pd(Cl)] and in the molecular
weights of polymers when moving from norbornene derivatives with hydrocarbon
functionalities to derivatives containing ester and ether functionalities.33 They surmised
that the decrease in catalytic activity was due to the chelation of the oxygen to the metal
center after norbornene polymerizations performed in ethyl acetate only led a 9% yield.
These results greatly contrasted the very high norbornene yields (~100%) they received
when polymerizations were performed in the non-coordinating solvents chlorobenzene,
DCM, and toluene. Since we observed opposite trends to the results obtained by Hennis
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and co-workers, we hypothesized the cationic η3-allyl palladium and nickel catalyst along
with neutral trans-[Ni(C6F5)2(SbPh3)2] are highly tolerable of oxygen-containing
functional groups. Although this is an unusual event, there have been cases reported where
other catalyst complexes for norbornene polymerizations have shown high tolerance for
oxygen-containing functionalities as well. Sen and co-workers reported that neutral (η4cycloocta-1,5-diene)chloromethylpalladium(II) was very tolerable of ester functionalities
even more so than alkyl functionalities and that norbornene derivatives with endo ester
functionalites inserted into the metal-alkyl bond with rates close to that of norbornene.35 In
a separate study, Sen and co-workers also reported π-allyl Pd complexes with P~O ligands
that were so tolerable of oxygen-containing functionalites, such as esters, that
polymerizations were even able to be run in water.36,37 Further studies will be conducted to
investigate what factors are causing this occurrence.
2.5b Increasing Polar Functional Group Tether Length
Two related analogues of M3 were also investigated to compare how increasing the
length of the tether bonding the trimethoxysilyl functionality to the norbornene backbone
would affect catalytic activity. M4 was synthesized by Diels-Alder reaction and M5 was
purchased from Gelest, Inc. M5 had a higher ratio of endo isomers (80:20) than M3 (65:35)
or M4 (68:32); however, this did not prevent M5 from being consistently polymerized in
the highest yields out of the three monomers regardless of solvent and catalyst (with the
exception of catalyst F which did not polymerize any of the three monomers). In addition,
catalyst E was found to produce the highest yields for all three monomers in both solvents
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(see Figure 2.5). These results indicate that increasing the number of carbons on the tether
had a direct correlation to increased polymer yields and is likely attributable to the
dwindling ability of the polar functionality to chelate the propagating metal center in
concert with the -bond as tether length was increased.
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2.5c. Increasing bulk of the functional group
Trimethoxysilyl-norbornene

(M3),

triethoxysilyl-norbornene

(M6),

and

triisopropoxysilyl-norbornene (M7) were studied to observe how increasing bulk of the
functional group would affect catalytic activity. M6 was purchased from Gelest, Inc. while
M3 and M7 were synthesized via Diels-Alder reactions. M7 is currently being studied and
trends for that monomer have not yet been determined. However, from preliminary results
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obtained thus far, M6 polymerized in significantly higher yields than M3 for catalyst
systems B, C, and D (see Figure 2.6). Similar to our hypothesis where we speculate that
increasing pendant chain lengths decrease the ability of the polar functional group to
chelate the metal center, we believe that the increasing bulk of the silylalkoxy groups
decreases the ability of the oxygens to chelate to the metal center and therefore results in
higher polymer yields.

Percent Yields of P3 and P4
in DCM

100
80
60
40
20
0

Yield (%)

Yield (%)

Percent Yields of P3 and P6
in Chlorobenzene

A

B C D E
Catalyst System
P3

100
80
60
40
20
0
A

P6

B C D E
Catalyst System
P3

P4
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2.6 Conclusion
Overall, catalyst E was found to be a robust catalyst that was easily synthesized in good
yields, was air stable, required neither cocatalysts or activator, and that was sufficiently
active to polymerize all functionalized silane- and siloxane-functionalized norbornene
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derivatives studied here in significant yields. Norbornene (M1) was the monomer
polymerized in the highest yields with all catalyst systems due to the lack of steric
hindrance and chelation possibilities that typically arise from pendant functional groups.
When comparing 5-trimethylsilyl-2-norbornene (M2) that contained a non-polar silane
functionality to 5-trimethoxysilyl-2-norbornene (M3) which has a polar siloxane
functionality, M3 was polymerized overall in higher yields than M2. Although the reason
behind this occurrence is not clear yet, there have been other instances that have been
reported by Sen and co-workers in which other palladium catalyst systems have shown
unusually high tolerance for oxygen-containing functionalities. The effect of increasing the
number of carbons on the chain linker was also examined and it was found that by
increasing the number of carbons in the functional group tether, polymer yields also
increased. This effect is hypothesized to occur due to the decreasing ability of the polar
functionality to chelate to the metal center as the pendant chain length increases. Similarly,
when alkyl chain lengths of functional group was increased, polymer yields increased and
again, it is hypothesized that increasing bulk of the functional group decreases the ability
of polar functionalities to chelate to the metal center. Further studies are currently being
investigated to determine what other factors are influencing the polymerizations.
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CHAPTER 3
Fabrication and Testing of Free-Standing Membranes
3.1 Fabrication of Membranes
To evaluate the efficiency of any polymers synthesized for passive CO2 separation, we
must fabricate thin and defect-free membranes. These thin membranes are then mounted
to various support structures to be tested for individual gas permeability and selectivity.
Although there are a variety of membrane-forming techniques available, the following
chapter details how we formed our polynorbornene free-standing membranes and how we
evaluated them for CO2 separation efficiency.
Free-standing films were produced through a general process that begins with the
development of an appropriate casting solution. Typically, a solvent system is carefully
tailored to each polymer because functional groups can have a wide range of effects on
polymer solubility in various organic solvents. Tetrahydrofuran (THF) was found to be an
appropriate base solvent in which other solvents were added.17 A secondary solvent was
usually required for all homopolymers to create optimal films, and for copolymers, it was
often not uncommon for a third solvent to be used depending on how distinct the two
monomers were from each other. Once a solvent system was chosen, the polymer was
dissolved to create a homogenous mixture, the solution was degassed, and finally filtered
into an aluminum pan under an inert atmosphere. After evaporation, and if a uniform film
was formed, a technique known as “dry/wet-phase inversion” was implemented to lift the
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film away from the aluminum pan.17 It was shown that membranes made by dry/wet-phase
inversion often achieved maximum membrane performance, which is maximum
permeability while maintaining selectivity, by using a specific ratio of solvent/co-solvent
in the casting solution.38 This method requires the membrane to be coagulated in methanol,
air-dried until the evaporation of methanol is mostly complete, and then vacuum-dried at
78 °C to remove all solvent. Methanol-coagulated membranes have shown CO2 fluxes one
order of magnitude higher than those coagulated in 2-propanol and n-hexane.38
3.2 Membrane Analysis
We have collaborated with a team of researchers at Oak Ridge National Laboratory
(ORNL) to analyze our polymer films by using a constant-volume, variable pressure gas
permeation system as shown in Figure 5.25 The instrument (see Figure 3.1), created by one
of our ORNL collaborators, Shannon Mahurin, creates a pressure difference between the
top and bottom sides of a sample chamber that is divided only by a platform containing the
membrane sample. The entire system, with the film mounted within the sample chamber,
is first evacuated of all gases and then flushed and backfilled with the gas to be analyzed.
Afterwards, the entire chamber is placed under vacuum one last time in order to take a
background scan. The background scan acts as a control by detecting any leaks that may
be present in the system that would artificially increase the target gas flux results across
the membrane. The detector is a capacitance manometer (MKS Baratron®) that is located
at the bottom of the chamber. The pressure is measured as gas molecules flood into the
evacuated downstream portion of the instrument, increasing the pressure and causing a
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proportional change in capacitance between a metal diaphragm and a fixed dual electrode,
creating a voltage signal versus time. This time vs. voltage signal can be converted to a
pressure reading by an algorithm in which the change in voltage was calibrated relative to
a change in pressure. The rate of pressure increase is the flux of gas permeating through
the polymer membrane and can be normalized for film area to provide permeance as shown
in Eq. 4. Using this value as well as measuring the membrane thickness, we can calculate
the permeability of both CO2 and N2. Once the permeability values of each gas is obtained,
the selectivity of CO2 over N2 is calculated as a ratio. With these values, we can compare
our polymer membranes on the Robeson Plot as a quick gauge of viability.

Figure 3.1. High-Vacuum Permeation System
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Vc

Permeability = RTA

m∆P

∂P
dt

Eq. (4)

Where: Permeability = Permeance ∙ Thickness
3.3 Results and Discussion
Various homopolymers and co-polymers were synthesized but only the polymers
shown in Schemes 3.1 and 3.2 were found to readily form suitable defect-free, freestanding membranes for gas permeation testing and analysis. Out of the membranes tested
thus far, P5 and P6 were two polymer systems stood out due to having high selectivity for
CO2 over N2. P5 was the homopolymer of M5 and P6 was the homopolymer of M6. To
fabricate membranes, 5 wt % of P5 was dissolved in a solvent mixture of 85 wt % THF
and 10 wt % MeOH, while 5 wt % of P6 was dissolved in a solvent mixture of 85 wt %
THF and 10 wt% EtOH. Both polymer solutions were filtered through Whatman 0.45 µm
PTFE syringe filters before being degassed and poured onto a 1.375 fluid oz. Fisherbrand
aluminum weighing dish under inert N2 atmosphere. Membranes were soaked in MeOH to
lift them off of the aluminum dish and were vacuumed-dried at 78 °C. Both polymers
exhibited significantly high CO2 selectivity in comparison to the other polymers tested as
shown in Table 3.1. P6 had a lower CO2 value than P5 but had an extremely high
permeability value of 1,039 Barrer. With the combination of high CO2 selectivity in
addition to significant permeability values, data points for P5 and P6 were graphically
shown to fall close to the upper bound on the Robeson Plot (Figure 3.2).
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Scheme 3.1. Synthesis of P5-P6
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Scheme 3.2. Synthesis of P9-P11
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Table 3.1 Free-standing films CO2 permeability and selectivity values for P3-P8
Free-standing polymers

CO2 permeability
(Barrer)

α CO2/N2

P5 (H)

293

38.3

P6 (H)

1039

20

P8 (C)

949.3

1.06

P9 (C)

544.8

1.76

P10 (C)

6880.7

1.16

P11 (C)

661.6

1.69

*H: homopolymer, C: copolymer
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Figure 3.2 Initial results for free-standing films P5-P11
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Polymers P8-P11 were copolymers of various blends of norbornene and a siloxanefunctionalized norbornene derivatives. Those polymers all had relatively high permeability
values (ranging from 545 to 6880 Barrer) but their selectivity values were all below 2.
These low selectivity values showed that there was essentially no preference for CO2
permeation through the membrane, and therefore were not pursued for any further studies.
P10 did demonstrate a high P(CO2) value, however, it will be necessary to re-test this
polymer system in the future to ensure that those high permeabilities are in fact
reproducible. It is not definitive at this time if the membrane was truly defect-free and
therefore, gave a false P(CO2) value. The results from our free-standing membranes
indicate that copolymers synthesized with unsubstituted norbornene and one siloxanefunctionalized norbornene derivative are not attractive candidates for highly efficient CO2
separation membranes.
Due to the promising results received from testing free-standing membranes formed
from P5 and P6, we sought to fully understand the structure-property relationship of the
polymer membranes as it related to their CO2 separation performance. The goal became to
systematically change the ratios of both polymers so that we have a combination of both
high selectivity and high permeability that will potentially allow us to break Robeson’s
Upper Bound with a free-standing film. We are currently synthesizing the series of
copolymers P12-P13 (see Scheme 3.3) that steadily increased the mole ratio of M5 while
decreasing the mole ratio of M6. Formation and analysis of free-standing films of these
polymers are currently being conducted.
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Scheme 3.3. P12-P20 Copolymer Series

3.4 Conclusion
A solvent system was carefully chosen in accordance to how it may interact with
functionalities present in each type of polymer system. Once the polymer was dissolved, it
was degassed, filtered and poured onto an aluminum pan under inert atmosphere. If a
uniform membrane formed, it was lifted off the aluminum pan via “dry/wet phase
inversion” using methanol as the solvent due to membranes retaining higher permeability
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than those that implemented 2-propanol and n-hexanes. Through our collaboration with
ORNL, we were able to use a high-vacuum gas permeation instrument to analyze our
membranes. The difference in pressure as well as measuring surface area and thickness of
each membrane allowed us to calculate the permeability of CO2 and N2 which also gave us
the selectivity that each membrane had for CO2 over N2. From the membranes we tested,
two polymer systems (P5 and P6) out-performed the rest which lead us to synthesize a
copolymer series to systematically investigate how each functionality was involved in
influencing membrane performance.
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CHAPTER 4
General Conclusions
Carbon dioxide is the main greenhouse gas produced by human activities, and its
excessive emission have been linked to detrimental environmental and public health
effects.1 The EPA has established the Clean Power Plan in response to Obama’s 2013
Presidential Memorandum in which he asked the EPA to implement industry-wide
standards in an attempt to reduce carbon emissions from the power sector.2 There are five
main industrial used techniques that currently exist for CO2 separation; however, passive
membranes have significant advantage over the other four techniques as they are relevant
in all four applications of CO2 capture, which are pre-combustion capture, post-combustion
capture, oxyfiring, and natural gas separation.3 Passive membranes also have the added
advantages of providing a high surface area to volume ratio as well as being a low energy
tool that makes them relatively cheap in comparison to the other four techniques and
ultimately, makes them a promising candidate for industrial gas separation applications. 7
Though scientists have previously focused solely on size-sieving to separate CO2 from
other gases, the kinetic diameter difference between CO2 and N2 (the second most abundant
gas found in flue gas) is only 0.34 Å.7 Therefore, size-sieving alone was not efficient
enough to separate CO2 from N2. Recent research efforts have shifted their focus toward
incorporating CO2-philic functionalities into polymers with rigid backbones in order to
increase selectivity for CO2 as well as permeability. Therefore, we have studied silane and
siloxane-functionalized polynorbornene as potential polymers for high-performance
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membranes. These functional groups have been reported to have high selectivity and
permeability for CO2 and vinyl-addition polynorbornene produces rigid bicyclic backbone
units which allows for high free volume and thus, high permeability.11,14,21-23
Through a systematic catalyst study, it was found that trans-[Ni(C6F5)2(SbPh3)2] was
an ideal catalyst for the polymerization all silane and siloxane-functionalized norbornene
derivatives tested herein. The resultant polymers were produced in high yields, whereas
when using other more traditional vinyl-addition polymerization catalysts, only certain
norbornene derivatives were found to polymerize and in typically low to moderate yield.
Second, it was discovered that monomers bearing bulkier siloxane functionalities were
polymerized in higher yields than those with less bulk. This result was hypothesized to be
due to the inability of the oxygen lone pairs to chelate the active metal center of the catalyst
as well as due to the increased steric constraints that are present on the endo-norbornene
face. Third, monomers with siloxanes attached to the norbornyl-unit by longer tether
lengths were found to readily polymerize in higher yields than those with siloxanes
attached by shorter tethers. Again, this effect was hypothesized to be due to the possibility
that the lone pairs may be physically hindered from chelating the active metal center of the
catalyst due to the tether length. As a result of this study, trans-[Ni(C6F5)2(SbPh3)2] was
used as the main catalyst to polymerize each functionalized norbornene derivative that
were eventually used for the fabrication of gas separation membranes. Free-standing
membranes were formed through solution-casting and a technique known as “dry/wetphase inversion” was implement that involves soaking the membrane in MeOH. Soaking
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membranes in MeOH has been reported to remove residual solvents left over from solutioncasting and to maximize permeability of the polymer system.17 Through a collaboration
with ORNL, these membranes were analyzed using a high-vacuum gas permeation
instrument. From the free-standing membranes tested thus far, two polymers systems (P5
and P6) stood out from the rest due to the high permeability and selectivity these systems
possessed for CO2. Future work will include fabricating free-standing membranes of a
copolymer system consisting of P5 and P6.
At the culmination of these studies, we believe that the work reported herein has
provided proof-of-principle experiments that demonstrate that siloxane derived
norbornene-based monomers are attractive candidates for CO2 separation membranes.
These studies advance our existing knowledge of the field and may one day contribute to
the overall goal of synthesizing membranes that may be used in real-world applications.
Fabrication of membranes, like ours, which combine both diffusivity elements and
solubility elements have become the immediate focus of the field and represent a grand
challenge in chemistry, chemical engineering, and materials science. If scientists can
identify highly efficient, CO2 separation membranes that can be readily produced on an
industrial scale, they will be instrumental in reducing global carbon dioxide emissions.
They will be compatible with existing infrastructure, such as currently used fossil fuel fired
power plants, and can potentially alleviate a problem that continues to affect the
environment and public health in detrimental ways.
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For polymers that were not successful in forming free-standing films, a norbornene
polydimethylsiloxane (NB-PDMS) substrate was employed for the formation of spincoated films (see Figure A1).This substrate was selected due to exhibiting very high
permeability for CO2 as well as being biocompatible and cheap.39-42 Berean and co-workers
discovered that the optimal gas permeability of 3970 Barrer of PDMS is achieved when
cross-linking occurs at 75 °C. However, it was also discovered that the selectivity of CO2
over N2 was the highest at 8.8 when the polymer was made at room temperature. Due to
the high permeability PDMS inherently has, we sought to obtain a PDMS polymer with
the highest selectivity for CO2 since selectivity was more of an issue than permeability.
Another co-worker, Kevin Gmernicki, synthesized this substrate by mixing 130:1
equivalents of monomer (NB-PDMS) to Grubbs II catalyst in dichoromethane (DCM) for
60 seconds before pouring out the mixture onto Teflon dishes to cross-link and air-dry. A
watch-glass was placed on top of the dish to slow down the rate of DCM evaporation which
is believed to lead to a more uniform cross-linked polymer. If a polymer formed a freestanding film, the same casting solution was also used for spin-coated films for consistency.
Each sample was made by spinning 100 µL of 5 wt % polymer solution at 2000 RPM for
two minutes.
Initial Results
A previous ORNL collaborators synthesized a NB-PDMS substrate that had a
permeability of 6,846.4 Barrer and a selectivity ratio of CO2/N2 of 12.25 as shown as
experiment 1 in Table A1. Another co-worker, Kevin Gmernicki, has taken over the task
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of forming NB-PDMS membranes for spin-coated films and has since then been attempting
to consistently form membranes that have reproducible permeability and selectivity values.
In his earlier attempts, an 18:1 monomer to catalyst ratio was used and poured in 50 mL
Teflon dishes. He found that using these conditions the NB-PDMS films were too thick
and as shown previously in Eq. 4, thickness will affect permeability and the mechanical
properties of cross-linked polymers. He also was unable to get reproducible data using this
monomer to catalyst ratio and could not match the results from experiment 1. In
experiments 9 and 10, Kevin was able to reproduce similar permeability and selectivity
values to the experiment done by our collaborator as well as to each other. He has since
found that using a 130:1 monomer to catalyst ratio as well as an improvement in synthesis
technique yielded reproducible values. Figure A2 is a graphical representation of the
positions where the NB-PDMS membranes fall on the Robeson Plot. Two spin-coated films
that have been successfully tested have also been plotted. We have had success in breaking
Robeson’s upper bound with spin-coated copolymer P12. Copolymer P12 is a blend of 25
mol % monomer 5 and 75 mol % comonomer 6. We have only tested this film once so retesting will be necessary to ensure that the data point is real. Copolymer P13 is a blend of
75 mol % 1 and 25 mol % comonomer 9 and this film also showed very promising results
as it is very close to breaking the upper bound.
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Figure A1. PDMS and NB-PDMS

Table A1. NB-PDMS Permeability and Selectivity Values
NB-PDMS
Experiment
1

CO2 Permeability
(Barrer)
6846.4

α CO2/N2

2

5324.3

5.39

3

6224.8

19.57

4

7800.0

5.84

5

3719.2

17.71

6

4924.4

6.93

7

6190.6

11.6

8

6339.4

15.31

12.25
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Synthesis
Conditions
130:1 [M]:Cat,
50 mL Teflon dish
18:1 [M]:Cat,
50 mL Teflon dish
18:1 [M]:Cat,
50 mL Teflon dish
18:1 [M]:Cat,
50 mL Teflon dish
18:1 [M]:Cat,
100 mL Teflon dish
130:1 [M]:Cat,
100 mL Teflon dish
130:1 [M]:Cat,
100 mL Teflon dish
130:1 [M]:Cat,
100 mL Teflon dish

Scheme A1. NB-PDMS Spin-coated Copolymers

Table A2. Spin-coated copolymers P1 and P2
Spin-coated Copolymer
P12
P13

CO2 Permeability
(Barrer)
18043.3
7659.4
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α CO2/N2
23.28
15.76

Spin-Coated Polymer Films

α CO2/N2

1000
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Spin-coated copolymer 1
Spin-coated copolymer 2
Upper Bound
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Figure A2. Initial results for NB-PDMS controls and spin-coated films of P12 and P13

Experimental Section
General Remarks: All air and moisture sensitive reactions were performed under an inert
atmosphere of nitrogen using standard Schlenk or glove box techniques. All solvents were
dried via standard solvent purification techniques and degassed via freeze, pump, thaw
cycles (3x each). All reagents and solvents were purchased from Acros Organics, Fisher
Scientific, Gelest, SigmaAldrich or synthesized via literature methods. NMR analysis was
done using either a Varian Mercury Vx 300 MHz or Varian VNMRS 500 MHz and
referenced to standard solvents.
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Synthesis of trans-[Ni(C6F5)2(SbPh3)2].
n-Butyllithium (4 mL of 1.6M solution in hexane) was added dropwise
to a solution of Br(C6F5) (0.8 mL, 6.5 mmol) in dry/degassed Et2O at
-78°C. After the reaction mixture was stirred at this temperature for 1
h, SbPh3 (2.74 g, 7.8 mmol) in Et2O and [NiBr2(dme)] (1.0 g, 3.2
mmol) in Et2O were added and the suspension was stirred overnight and allowed to warm
to room temperature. Wet Et2O (20 mL) was added to quench the reaction and the
suspension was evaporated to dryness. The residue was extracted with CHCl3 (20 mL) and
the filtrate was evaporated to 5 mL, washed with EtOH (10 mL), and concentrated to 5 mL.
The resulting suspension was filtered and the yellow solid was washed with EtOH and
dried in a vacuum oven at 75°C. Yield: 2.293 g, 65%. C48H30F10NiSb2 (1098.97).13 C NMR
(CDCl3, 298K): δ = 77.23-66.72 ppm.

19

F NMR (CDCl3, 293K): δ = -160.27(s, 4F, Fmeta),

-141.73 (s, 2F, Fpara), -137.41 (s, 4 F, Fortho).
Synthesis of ((1R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)trimethylsilane.
Trimethylvinylsilane(50.0 mmol, 2.4 eq), dicyclopentadiene (21.0 mmol,
1.0 eq), and hydroquinone (0.125 mmol, 0.00625 eq) were stirred in a
pressure tube for 24 h at 180 °C. The resulting mixture was distilled under reduced pressure
(88 °C, 23 mmHg) to obtain a colorless liquid. Monomer was dried over molecular sieves
(4Å) and degassed. Yield: 2.95 g, 42%. 1H NMR (500 MHz, δ, CDCl3): 6.17-5.91 (m, 2H,
J = 8.5, 131.5, 7 Hz), 2.94, 2.74 (d, broad, 1H, J = 34 Hz), 2.917, 2.74 (d, broad, 1H, J =
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88.5 Hz), 1.86, 1.54 (m, 1H, J = 4, 20.5, 1.5, 21, 2.5 Hz), 1.4- 0.94 (m, 3H, J = 8, 7, 16.5
Hz), 0.33 (ddd, 1H, J = 2, 5.5, 15.5 Hz), 0.014 (s, exo, 4H), -0.084 (s, endo, 5H).
Synthesis of ((1R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)trimethoxysilane.
Trimethoxyvinylsilane (53.2 mmol, 2.0 eq), dicyclopentadiene (26.6
mmol, 1.0 eq), and hydroquinone (0.1653 mmol, 0.00625 eq) were
stirred in a pressure tube for 24 h at 180 °C. The resulting mixture was distilled under
reduced pressure (90 °C, 0.7 mmHg) to obtain a colorless liquid. Monomer was dried over
molecular sieves (4Å) and degassed. Yield: 11.7309 g, 51%. 1H NMR (500 MHz, δ,
CDCl3): 6.12, 5.93 (d, 1H, endo, J = 96 Hz), 6.04 (s, 1H, exo), 3.6 (s, 6H, endo), 3.53 (s,
3H, exo), 3.0-2.9 (m, 2H, J = 13 Hz), 1.92-1.75 (m, 1H, J = 26, 9.5, 11, 58 Hz), 1.4-1.1 (m,
3H, J = 8, 91 Hz), 0.5 (m, 1H, J = 15.5 Hz).
Synthesis of (((1R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)methyl)trimethoxysilane.
Allyltrimethoxysilane (61.6 mmol, 2.0 eq), dicyclopentadiene (30.8
mmol, 1.0 eq), and hydroquinone (0.1925 mmol, 0.00625 eq) were
stirred in a pressure tube for 24 h at 180 °C. The resulting mixture was distilled under
reduced pressure (110 °C, 0.6 mmHg) to obtain a colorless liquid. Monomer was dried over
molecular sieves (4 Å) and degassed. Yield: 5.283 g, 38%. . 1H NMR (500 MHz, δ, CDCl3):
6.12, 5.93 (dd,1H, endo, J = 4.5, 9, 96 Hz), 6.04 (s, 1H, exo), 5.60 (s, 6H, endo), 3.53 (s,
4H, exo), 3.03-2.91 (m, 2H, J = 60.5, 47 Hz), 2.93-1.74 (m, 1H, J = 6, 34, 18 Hz), 1.39 (dd,
1H, J = 3, 2.5, 13 Hz), 1.29-1.07 (m, 3H, J = 78.5, 107.5 Hz), 0.5 (ddd, 1H, J = 2.5, 3, 6.5,
26 Hz).
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Synthesis of (((1R,4R)-bicyclo[2.2.1]hept-5-en-2-yl)triisopropoxysilane.
Vinyltriisopropoxysilane (20.5 mmol, 2.0 eq), dicyclopentadiene
(10.25 mmol, 1.0 eq), and hydroquinone (0.0645 mmol, 0.00625 eq)
were stirred in a pressure tube for 24 h at 180°C. The resulting mixture
was distilled under reduced pressure (110°C, 1.0 mmHg) to obtain a colorless liquid.
Monomer was dried over molecular sieves (4 Å) and degassed. Yield: 2.7196 g, 44%. 1H
NMR (500 MHz, δ, CDCl3): 6.13, 5.92 (ddd, 1H, endo, J = 108.5, 2.5, 2.5, 103 Hz), 5.99,
5.96 (ddd, 1H, exo, J = 3, 2.5, 15.5, 40.5 Hz), 4.23 (dt, 2H, endo, J = 24.5, 12, 6, 12.5 Hz),
4.17 (dt, 1H, exo, J = 12, 12, 6, 12.5 Hz), 3.03 (m, 2H, J = 76.5, 58, 18.5 Hz), 1.85, 1.75
(m, 1H, J = 1, 2.5, 24 Hz), 1.44, 1.33 (m, 1H, J = 8, 1.5 Hz), 1.18 (m, 18H, J = 6.5, 11, 1
Hz), 1.13-1.03 (m, 2H, J = 2.5), 0.4 (ddd, 1H, J = 2, 15.5, 4 Hz).
General Polymerization Procedures.
Polymerization with (η3-allyl)PdCl2. A sample vial was charged with 6.6 mg (1.8 x 10-5
mol) of [(η3-allyl)PdCl]2, 10 mg of AgBF4 (5.14 x 10-5 mol, 2.86 eq) and 0.5 mL of desired
solvent (chlorobenzene or DCM). The catalyst mixture was stirred for a few minutes at 20
°C. The silver chloride salts were filtered off using a Whatman PTFE syringe filter (0.45
µm pore size). The catalyst solution was added to 1.8 x 10-3 mol (100 eq) of monomer. The
vial that formally contained the catalyst solution was washed with 0.5 mL of desired
solvent and was syringe-filtered into monomer. The reaction mixture stirred for 24 h at 20
°C and the polymer was precipitated with MeOH. Polymer was vacuumed-dried at 75 °C.
The same procedure was used with 165.0 mg AgSbF6 (2.86 eq).
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Polymerization with (meth(η3-allyl)NiCl2. A sample vial was charged with 5.4 mg (1.8
x 10-5) of [(meth(η3-allyl)NiCl]2, 10 mg AgBF4 (5.14 x 10-5 mol, 2.86 eq) and 0.5 mL of
desired solvent (chlorobenzene or DCM). The catalyst mixture was stirred for a few
minutes at 20 °C. The silver chloride salts were filtered off using a Whatman PTFE syringe
filter (0.45 µm pore size). The catalyst solution was added to 1.8 x 10-3 mol (100 eq) of
monomer. The vial that formally contained the catalyst solution was washed with 0.5 mL
of desired solvent and was syringe-filtered into monomer. The reaction mixture stirred for
24 h at 20 °C and the polymer was precipitated with MeOH. Polymer was vacuumed-dried
at 75 °C. The same procedure was used with 165.0 mg AgSbF6 (2.86 eq).

Polymerization with (Nph)2Ni. 0.30 mL (100 eq) 3.3M MAO was syringed into a sample
vial charged with 214.3 mg (10.0 x 10-6 mol, 100 eq) monomer. The mixture was allowed
to stir for a few minutes before being pipetted into a vial charged with 3.2 mg (1.015 x 105

mol) Ni(Nph)2. The reaction vial was wrapped in aluminum foil to be stirred in darkness

for 24 h at 20 °C. Polymer was precipitated in acidic MeOH (5% HCl in MeOH) and
vacuumed-dried at 75 °C.
Polymerization

with

trans-[Ni(C6F5)2(SbPh3)2].

In

a

sample

vial,

trans-

[Ni(C6F5)2(SbPh3)2] (1.8 x 10-5 mol) was dissolved in 1.0 mL of desired solvent
(chlorobenzene or DCM) and then pipetted into a vial charged with monomer (1.8 x 10-3
mol, 100 eq.). Reaction stirred for 24 h at 20 °C and polymer was precipitated in MeOH
and vacuumed-dried at 75 °C.
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